In this paper the study of complex phenomenon in buck converter under voltage mode control, operating in discontinious current mode, within Matlab/Simulink simulation environments is provided. To perform simulations different types of models are used: based on discrete-time maps, differential equations and real elements (including different nonidealities). The main goal of this paper is to detect the ability of various Matlab/Simulink models to identify and to explore different types of complex behaviour, such as chaos and bifurcataions, in switch-mode DC-DC converters, as system parameters are changed, as well as to estalish the possibilities of each model in this kind of investigation. Simulations are carried out by means of Matlab/Simulink simulation environment that provides wide range of blocks and elements for complete investigation procedure, including the implementation of all types of mentioned models and appropriate result data postprocessing and visualization. The verification of accuracy of developed models is based on the detection of Feigenbaum numbers. All models with definite level of precision are able to reveal that under certain circuit parameters period doubling route to chaos is observed.
Introduction
Modern electronic devices are equipped with switch mode DC-DC converters, which have several advantages over linear ones: smaller weight, size and much higher efficiency. It is well known, that these converters have always been designed to operate in the specific type of periodic operation, known as period-1 mode, in which all waveforms repeat at the same rate as driving clock. However, under certain conditions, the circuit may operate in the period-n regime (in which the periods of all waveforms are exactly n times larger then that of driving clock), or in random-like fashion -chaotic regime (in which all waveforms become aperiodic). As some circuit parameters are slightly varied, the operation of converter can toggle between different operating regimes, sometimes in abrupt manner. Such a phenomenon, where one mode fails to operate and other picks up, is termed as bifurcation. The existence of this type of nonlinear phenomenon shows that even if the converter is appropriately designed to work in period-1 regime, it could fail to operate as expected, if some parameters are varied, causing it to assume another, undesirable mode of operation.
During the last three decades a significant amount of work in analysis of different chaotic effects and control of nonlinear phenomena (such as chaos and bifurcations) in switch mode DC-DC converters has been reported by power electronics specialists in course of studying and designing power electronic circuits [1, 2, 3] .
These researchers established that the DC-DC converters under feedback control may exhibit various types of nonlinear phenomena, such as period doubling, Hopf bifurcation, quasi-periodic and chaotic operation. The already mentioned findings highlight that the investigation of these phenomena is important and vital, if reliable power supplies are to be designed.
Subharmonic and chaotic operation modes could be avoided and the reliable DC-DC converters could be designed only if the specialists have some background knowledge in nonlinear dynamics. Unfortunately the linear methods used by power electronics specialists alone have limited possibilities in analyzing nonlinear phenomena in switch mode DC-DC converters. The modern simulation software, providing designers and researchers with powerful tools for analysis of power electronic circuits, could help to overcome the mentioned drawback.
In this paper the simulation aspects of power electronic converters are addressed and different simulation approaches are evaluated and compared. The paper is organized as follows. The second section of the paper provides the information about the system under test -the voltage-mode controlled DC-DC buck converter operating in discontinuous inductor current mode (DCM). This section also presents the brief description of the Matlab/Simulink models used to investigate the period doubling route to chaos. In Section 3 the analysis of simulation results is provided. Finally concluding comments are presented in the Section 4.
Models of Voltage Mode Controlled Buck Converter

Basic operation principles of buck converter
The circuit diagram and all parameters of the voltage-mode controlled DC-DC buck converter under test are shown in the Figure 1 . It is assumed that the converter operates in the DCM, so that the inductor current falls to zero for the part of switching period.
The feedback loop keeps track of the output voltage variation and adjusts accordingly the value of the duty cycle. In this control scheme the difference between output voltage and reference voltage is processed by the compensation network, which generates a control signal v con :
where g(.) -the function determined by the compensation network and including also the parameter k -small signal feedback gain. The control signal (1) efficiently determines the value of duty cycle in order to minimize the output voltage ripples and achieve fast dynamic response. The obtained signal v con is compared with periodic ramp signal, to generate pulse-width modulated signal that drives the switch S.
Switched state-space (SSS) model
The first simulation model under test is the switched state-space model and it is based on the precise system descriptive differential equations. Depending on the state of the switch S and the value of inductor current, there are three possible topologies that are described by the following state-space equations:
It could be seen, that the DC-DC converter is the example of hybrid system, which includes the discrete event (DE) and the continuous event (CE) systems. The DE system processes events that receive and emit control signals, but the CE system evolves continuously in time, in agreement with some physical laws and based on signals received from DE system.
To simulate the dynamics of the converter, the system is separated into two subsystems: the continuous time system implements the equations (2), (3), (4) The voltage feedback circuit block includes the sawtooth generator, reference voltage source and the logic block which produces the output of the control block. As buck converter is operating in DCM and there are three possible topologies, the signal provided by control block is in the range [1, 2, 3] . The most suitable way for the implementation of the logic block is the use of Simulink Stateflow chart, representing the DE system, which makes the transition from one state to another prescribed state, provided that the condition defining this change is true. The control signal is than fed to the MULTIPORT SWITCH block that operates as multiplexer and accordingly to the control signal, passes to the output the appropriate input signal, thus defining the topology of the converter. Figure 2 shows the switched statespace model of the buck converter and the appropriate control block.
Power System Blockset (PSB) model
The next model under test is the DCM buck converter implemented by means of Power System Blockset which allows creating the simulation model 
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Matlab/Simulink of DC-DC converter, based on the precise circuit, composed from the real element models. As it is possible to integrate the PSB with standard Simulink blocks, there is the possibility to implement complex control circuitry. Figure 3 shows that in the PSB model the physical structure of the circuit is retained in the contrast to the block diagram of the SSS model. It should be noted that the design based on PSB would save significant amount of time in model building as it doesn't require any additional mathematical or logical preprocessing. On the other hand it works a number of times slower, than the SSS model, as it takes a lot of time for Simulink to obtain the difference equations, based on the circuit diagram created.
The model based on iterative mappings
Although switch mode DC-DC converters are modeled using switched statespace models, discrete-time models are also found to be useful in analytical investigation of nonlinear phenomena [4] .
The most widely used discrete-time model for DC-DC converters is called iterative map (F) that provides the relationship that links the state variable samples:
The iterative maps are used as analytical tools for locating bifurcation points and constructing bifurcation diagrams. C.K.Tse [5] has derived onedimensional map in closed form for the capacitor voltage of the buck converter, operating in DCM under voltage -mode control: The iterative map shown allows evaluating the dynamics of buck converter, when one or more system parameters are changed. The drawback of this mapping is that parasitics of the inductor, diode, switch and capacitor are not taken into account.
In order to facilitate the investigation of buck converter operating in DCM by means of iterative maps, the Matlab Graphical User Interface (GUI) was designed. The main window of this GUI (see. Figure 4 ) is divided into several logical regions. At the beginning the user has to select the type of the converter (buck or boost) and define the input data. After the confirmation of parameters, the user is able to generate iteration diagram, bifurcation diagram or the graph of Lapunov exponents in the selected range of parameter k values. The bifurcation diagram, based on the iterative mapping, was generated by means of this GUI. (5) Pikulin, D.
Simulation Results
One of the most convenient ways to study the dynamics of the system is to obtain a summary chart of the different types of its behavior when some parameters are varied. The simplest case of bifurcation diagram, when there is the variation of only one parameter -small signal feedback gain k, is observed in this investigation. Thus the bifurcation diagram consists of an x-y plot, where the samples of output voltage are plotted against the chosen bifurcation parameter k. This bifurcation diagram clearly shows the behavioral change of the converter within the parameter range of interest. The obtained bifurcation diagrams show that, as the value of k is varied, the behavior of the system changes from stable period-1 to chaotic mode of operation. More precisely, the period doubling is the characteristic route for the voltage mode controlled buck converter to follow it changes from periodic motion to complex aperiodic motion.
It is well known, that Feigenbaum revealed, that there is universal solution common to all systems undergoing period doubling and found the coefficient of geometric convergence that allows linking the parameter values of system, at which the period doubling occurs. This coefficient has now been named "Feigenbaum constant"
... 66920161 . 4 . The above mentioned universal property gives us a possibility to evaluate simulation results, calculating the value of Feigenbaum number for each model and comparing it to Feigenbaum constant. The model, in which the difference between the calculated Feigenbaum number and the Feigenbaum constant is the smallest, is the most precise.
The comparison of different models, taking into account the accuracy of calculated Feigenbaum numbers and time required for the simulation, as well as some advices for most suitable application areas for each model are summarized in the Table 1 . 
Conclusions
This investigation includes the evaluation of different simulation approaches in order to create the models of switch-mode DC-DC converters. The suitability of these models for simulation of complex behavior of buck converter was considered.
As it has been mentioned in Section 3, all models allowed distinguishing the variety of complex behavior exhibited by buck converter, as the small signal feedback gain was varied. Simulation results were compared with each other, obtaining the bifurcation diagrams, calculating the Feigenbaum number for each model and evaluating simulation times.
The results summarized in the Table 1 demonstrate the good agreement of Feigenbaum number, obtained from the bifurcation diagram of SSS model with the Feigenbaum constant, so it could be concluded, that this model provides the most accurate description of nonlinear phenomena in buck converter under study. The drawback of this model is that the inclusion of non -ideal element parameters would lead to noticeable complexity of the system. As this model is based on the precise differential equations, it could be used in order to verify some analytical calculations.
The fact, that the validity of the iterative mapping relies on the level of approximation, and on the number of elements of Taylor series used to obtain the simplified solutions of switch state -space equations, explains the big difference between δ and Feigenbaum number obtained from this model. Despite the mentioned drawback, the designed GUI provides practical tool for investigation of complex behavior of buck converter, operating in DCM.
The Feigenbaum number obtained from the PSB model differs from δ, as this model is based on equations generated automatically by Simulink environment, and also includes some additional parasitics.
In order to obtain clear bifurcation diagrams, depicting the real behavior of the system, sufficiently large number of data points should be generated and the initial transients after the change of bifurcation parameter should be discarded. These preconditions determine the simulation speed and the resolution of the obtained bifurcation diagram. As PSB model takes into account parasitics of real elements, transient times are really noticeable and this model provides the lowest simulation speed and resolution of bifurcation diagram. On the other hand, the fact that this model is capable of taking into account the parasitics of real elements makes it possible to use this model as the evaluation tool for experimental results.
